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a.m.w.h.thunnissen@rug.nlLytic transglycosylases are bacterial enzymes involved in the maintenance
and growth of the bacterial cell-wall peptidoglycan. They cleave the b-(1,4)-
glycosidic bonds in peptidoglycan forming non-reducing 1,6-anhydro-
muropeptides. The crystal structure of the lytic transglycosylaseMltA from
Escherichia coli without a membrane anchor was solved at 2.0 A˚ resolution.
The enzyme has a fold completely different from those of the other known
lytic transglycosylases. It contains two domains, the largest of which has a
double-psi b-barrel fold, similar to that of endoglucanase V from Humicola
insolens. The smaller domain also has a b-barrel fold topology, which is
weakly related to that of the RNA-binding domain of ribosomal proteins
L25 and TL5. A large groove separates the two domains, which can
accommodate a glycan strand, as shown by molecular modelling. Several
conserved residues, one of which is in a position equivalent to that of the
catalytic acid of the H. insolens endoglucanase, flank this putative substrate-
binding groove. Mutation of this residue, Asp308, abolished all activity of
the enzyme, supporting the direct participation of this residue in catalysis.
q 2005 Elsevier Ltd. All rights reserved.
Keywords: bacterial cell-wall peptidoglycan; lytic transglycosylase; double-
psi b-barrel; glycoside hydrolase; X-ray crystallography*Corresponding authorIntroduction
Peptidoglycan (ormurein) is a bacterial biopolymer
composed of linear polysaccharide chains of
alternating N-acetylglucosamine (GlcNAc) and N-
acetylmuramic acid (MurNAc) residues cross-
linked by short peptides attached to the D-lactyl
groups of MurNAc residues. It forms a bag-shaped
structure, the murein sacculus, which completely
encloses the bacterial cell. The murein sacculus
maintains the shape and size of the cell, providing
mechanical support and protecting the bacterium
from osmotic lysis.1 The importance of peptido-
glycan is highlighted by the fact that penicillin and
related b-lactams, which interfere with its biosyn-
thesis, are very effective and widely applied
antibacterials, causing cell lysis and death.






ing author:binding proteins, which are responsible for the
making and breaking of the peptide cross-linkages
in peptidoglycan. These proteins are ideal targets
for antibiotics, since peptidoglycan is essential and
unique to bacteria. However, the rapid spread of
resistance against these and other antibiotics is
causing a serious health problem, creating an
urgent need for alternative antibiotics and new
antibiotic targets. Such new targets could be the
b-lactam-insensitive lytic transglycosylases, which
act on the glycosidic bonds in peptidoglycan, and
which participate in peptidoglycan maintenance
and processing as required, for example, during cell
septation and division.1–4 Specifically, these
enzymes cleave the b-(1,4)-glycosidic bond between
the MurNAc and GlcNAc residues in the peptido-
glycan, forming non-reducing 1,6-anhydro-muro-
peptides. This is in contrast to the action of
lysozyme, which cleaves the same bonds but
produces muropeptides with free reducing ends.
In Escherichia coli, at least six different lytic
transglycosylases have been identified and func-
tionally characterized: one soluble (Slt70) and five
that are outer membrane-bound (MltA-MltD,
EmtA).4–6 Genomic analyses indicate that lytic
transglycosylase sequences are widespread amongd.
Crystal Structure of MltA from Escherichia coli 1069bacteria and are found in certain bacteriophages,7
although the functional information on these
hypothetical lytic transglycosylases is rather limited.
The important role of the lytic transglycosylases in
murein metabolism is underlined by the obser-
vation that bulgecin A, which is a specific inhibitor
of the E. coli lytic transglycosylases Slt70, MltC and
MltD,8,9 enhances the efficacy of b-lactam anti-
biotics.10,11
The lytic transglycosylases from E. coli share only
little sequence homology with each other. On the
basis of differences in signature sequence motifs
around their catalytic regions they have been
classified into four families.7 Lytic transglycosylase
family 1 forms a superfamily containing four
subfamilies of proteins with amino acid sequence
similarity to Slt70, MltC, MltD, and EmtA. The other
two E. coli lytic transglycosylases, MltA and MltB,
constitute families 2 and 3, respectively, which are
not related to each other or to family 1. Finally, lytic
transglycosylase family 4 comprises mostly
enzymes encoded by l bacteriophages. Structural
research on the E. coli lytic transglycosylases has so
far resulted in the X-ray structures of the family 1
lytic transglycosylases Slt7012,13 and EmtA
(F. Gliubich & A.-M.W.H.T., unpublished results),
and of a soluble fragment of MltB from the lytic
transglycosylase family 3.14 Despite differences in
overall structure, all these structurally character-
ized enzymes share a catalytic domain that
resembles the fold of goose-type lysozyme,14,15
classifying them as members of glycoside hydrolase
family 23.16 This lysozyme-like catalytic domain is
recognizable also in the crystal structure of the
lytic transglycosylase from bacteriophage l,17,18
although it is more divergent from goose-type
lysozyme than the catalytic domains of the lytic
transglycosylases Slt70, Slt35 and EmtA. Binding
studies with murein-derived compounds gave
insight into the interactions of the enzymes with
oligosaccharides, and defined the location and
number of the saccharide-binding sites.13,18–20
These investigations, combined with site-directed
mutagenesis experiments, indicated the important
role of a glutamate residue in the catalytic
mechanism of the family 1, family 3 and family 4
lytic transglycosylases, and suggested that this
residue functions as the catalytic acid/base similar
to Glu73 in goose-type lysozyme. So far, no
structure of a member from lytic transglycosylase
family 2 has been solved.
To increase our knowledge of the molecular
details of the cleavage mechanism and typical 1,6-
anhydro-muropeptide production by the E. coli
lytic transglycosylases, we initiated a structural
study of the family 2 lytic transglycosylase MltA
from E. coli by X-ray crystallography. Mature MltA
has a molecular mass of 38 kDa, and is composed of
345 amino acid residues.21 It lacks the family 1 lytic
transglycosylase sequence motifs that characterize
the catalytic lysozyme-like domain. Furthermore, it
differs from Slt70 and MltB, in that it is capable of
degrading both insoluble murein sacculi andisolated poly(MurNAc-GlcNAc) glycan strands.21
Sequence comparison of E. coli MltAwith MltA-like
enzymes from other Gram-negative bacteria shows
that there is no conserved glutamate present, but
that there are three invariant aspartic acid residues.7
Since the optimal activity of MltA is between pH 4.0
and pH 4.5, this suggests that one of these three
conserved aspartic acid residues might serve as the
catalytic acid/base. Here, we report the structure of
the E. coli lytic transglycosylase MltA, as deter-
mined by X-ray crystallography at 2.0 A˚ resolution.
This is the first reported structure of a family 2 lytic
transglycosylase. It shows a novel lytic transglyco-
sylase fold, which is markedly different from that of
the other lytic transglycosylases, but which
resembles the fold of endoglucanase V from
Humicola insolens, a glycoside hydrolase family 45
enzyme.16Results and Discussion
Structure solution
Mature wild-type MltA is anchored to the outer
membrane of E. coli via a lipoyl moiety attached to
its N-terminal cysteine residue. To facilitate its
crystallization, a fully functional, recombinant,
soluble form of MltA (sMltA) was created by
deleting the N-terminal signal sequence and
replacing the N-terminal cysteine residue with a
methionine residue. sMltA was purified and
crystallized, and its structure was determined at
2.0 A˚ resolution to a final R-factor of 20.7% and an
Rfree of 23.7%, with good overall geometry (Table 1).
The electron density is well defined for the whole
range of the polypeptide chain, except for the first
two residues at the N terminus and the last eight
C-terminal residues. These residues are not visible
in the 2FoKFc electron density map and were
therefore not included in the final model. Residue
131 appeared to be serine rather than the proline
residue present in the E. coli genome sequence.
DNA sequencing confirmed the presence of a serine
residue at this position, which most likely is an
artefact of the cloning procedure. Residue 131 is
located at the surface of the molecule, far from the
putative active site and the substitution is therefore
not believed to have structural or functional
consequences.
Overall structure
sMltA is a kidney bean-shaped monomeric
protein with dimensions of approximately 70 A˚!
35 A˚!30 A˚. It contains two domains (A and B)
separated by a large groove approximately 35 A˚
long and 14 A˚ wide (Figure 1). Domain A is
composed of two discontinuous amino acid
sequence segments (residues 3–104 and 244–337)
and consists of an N-terminal part (residues 3–90)
and a b-barrel core. The N-terminal part contains
two antiparallel b-strands (b1 and b2) connected by
Table 1. Data collection and refinement studies
Selenomethionine-labelled
Crystal Inflection Peak Remote Native
A. Data collection
Wavelength (A˚) 0.9494 0.9792 0.9393 0.9393
Space group P3121 P3121
Unit cell axes
a (A˚) 103.6 103.9
b (A˚) 103.6 103.9
c (A˚) 110.3 109.8
Resolution rangea (A˚) 30–2.6 (2.1–2.6) 30–2.6 (2.7–2.6) 30–2.6 (2.7–2.6) 30–2.0 (2.1–2.0)
Completenessa (%) 98 (85) 99 (88) 94 (59) 100 (100)
Redundacya 5.3 (3.9) 5.5 (3.9) 4.9 (4.8) 5.6 (5.6)
Mean I/sIa 9.5 (1.7) 10.0 (2.0) 5.9 (0.9) 10 (1.6)
Rmerge
a (%) 8.1 (45) 8.6 (31) 11.9 (69) 4.8 (49)
B. Refinement
Resolution range (A˚) 30–2.0
No. unique reflections 44,258
No. amino acid residues 335
No. protein atoms 2637
No. solvent atoms 292
Root-mean-square deviations
Bond lengths (A˚) 0.004
Bond angles (deg.) 1.12
Ramachandran plot
Most-favoured (%) 91










hkl jFobsj, where the crystallographic R-factor was calculated with 95% of the data used in the
refinement.
c Rfree is the crystallographic R-factor based on 5% of the data withheld from the refinement for cross-validation.
1070 Crystal Structure of MltA from Escherichia colithree helices (a1–a3). Strand b2 is also hydrogen
bonded to b14 of the b-barrel of domain A. This
b-barrel is the main feature of domain A and
consists of a mixed parallel/antiparallel six-
stranded closed b-barrel made of b-strands b3 and
b10–b14, with one small a-helix (a9) (Figure 1(a)
and (b)). The b-barrel has a double-psi b-barrel fold,
as classified by SCOP.22 This fold consists of two
interlocked “psi-structure” motifs related by a
pseudo-2-fold axis. In MltA, these psi-structure
motifs are b10, b11, b12 and b13, b14, b3
(Figure 1(b)). They are characterized by two
antiparallel b-strands connected by a loop (a psi-
loop) with a third b-strand inserted between them,
thus resembling the Greek letter j. There are a
number of structural features that typify this fold.23
Side-chains on b-strands that point to the interior
of the barrel are predominantly hydrophobic
(i.e. Val258, Leu271, Ala273, Val275, Met293 and
Ala295 in the first half of the barrel, and Phe307,
Val330 and Val332, Val96 and Phe98 in the second
half (Figure 2)). Conserved positive phi angles are
required in the turns that precede the equivalent
b-strands 11 and 14 (i.e. Gly268 (phi Z908, psi Z
K108) and Gly322 (phi Z708, psi ZK1808).
Residues at the C-terminal ends of b10 and b13
play a key role in positioning b10 and b13 under
their respective psi-loops, and in linking these
strands to the immediate subsequent regions in
the polypeptide. For instance, the side-chain ofAsp261 at the C-terminal end of b10 is hydrogen
bonded to the main-chain NH of Gly304 in the
second psi-loop and to the Og and main-chain NH
of Ser263 in the b10-b11 loop. Similarly, at the
C-terminal end of b13, the Tyr310-OH group is able
to make a hydrogen bond with the side-chain of
Thr103 in the first psi-loop. In addition, the main-
chain oxygen atom of Gly312 is within hydrogen
bonding distance from the main-chain NH of
Thr103 in the first psi-loop, while the main-chain
carbonyl oxygen atom and the side-chain O3 of
Gln311 form hydrogen bonds with the side-chain
Arg320 of a9.
Domain B (residues 105–243) is inserted between
strands b3 and b10 of sMltA. It contains a small
mixed parallel/antiparallel six-stranded b-barrel
(b4-b9), but with a different topology compared to
the b-barrel topology of domain A (Figure 1(c)). A
DALI24 search of the protein data bank for similar
folds revealed a weak structural similarity with the
b-barrel present in the RNA-binding domain of the
ribosomal proteins L25 from E. coli and TL5 from
Thermus thermophilus (Figure 3(b)).25,26 In these
proteins, the b-barrel is composed of two approxi-
mately perpendicular b-sheets, which each contain
one antiparallel and two parallel b-strands. In one
of the sheets, the outer strands are bent and shared
with the other sheet, thus creating a closed barrel.
This topology is essentially conserved in domain B
of sMltA, including the presence of an a-helix (a5),
Figure 1. Crystal structure and topology of sMltA. (a) The overall structure of sMltA shown as a ribbon diagram.
Domain A is shown in blue and green, domain B is shown in yellow and orange, with the double-psi and TL5 related
b-barrel folds highlighted in green and orange, respectively. Secondary structure elements are indicated. (b) Idealized
topology diagram of domain A of sMltA. (c) Similar topology diagram of domain B of sMltA (colors as in (a)).
Crystal Structure of MltA from Escherichia coli 1071inserted between the third and fourth strand, which
caps one end of the b-barrel. Unlike the barrels in
L25 and TL5, however, the barrel in sMltA is highly
distorted, due to the strands being shorter and
having shifted compared to their equivalents in L25
or TL5. In particular, strands b5 and b9 in sMltA
(the equivalents of strands b2. and b6, respectively,
in TL5) are widely separated and have just one
inter-strand hydrogen bond interaction, which
results in the barrel being partially open at one
side. Four additional a-helices are found in domain
B of sMltA, which have no equivalent in the L25 or
TL5 RNA-binding domains. Three of these helices
(a6, a7 and a8) form, together with a short 310-helix,
the connection between strands b8 and b9. Together
with helix a5, they define a small helical sub-domain,
which participates in a number of non-covalent
interactions with domain A, thus stabilizing the
relative orientations of the two sMltA domains. The
absence of any significant sequence similarity,
the relative displacements of equivalent b-strands
and the highly divergent inter-strand connecting
regions (with the exception of one helix) demon-
strate the limited nature of the overall structural
homology between domain B of sMltA and the
ribosomal proteins, making the presence of any
functional relationships highly unlikely.A novel lytic transglycosylase fold belonging to
the barwin-like endoglucanase family
Comparison of the sMltA structure with the 3D
structures of the other lytic transglycosylases
showed the absence of any structural similarity,
which was corroborated through a DALI search.
sMltA does not possess the characteristic a-helical
lysozyme-like fold of the other four lytic transglyco-
sylases. Instead, sMltA is mainly a b-protein. From
this, we conclude that the structure of MltA repre-
sents a new lytic transglycosylase fold, and that
MltA has evolved from a different ancestor than the
other lytic transglycosylases. Because of this lack of
structural similarity, the other lytic transglyco-
sylases cannot help us in identifying the active site
of MltA and the residues participating in substrate
binding and catalysis. However, a CATH27 search
with domain A of sMltA revealed a structural
relationship to the barwin-like endoglucanase
superfamily, with greatest similarity to the catalytic
domain of endoglucanase V from Humicola insolens.
Endoglucanase V (EGV) is a cellulase that cleaves
the b-(1,4)-glycosidic bonds of cellulose with
inversion of configuration.28
To quantify the similarity between the equivalent
domains of MltA and EGV, the two domains were
1072 Crystal Structure of MltA from Escherichia colisuperposed (Figure 3(a)). A total of 59 Ca atoms,
representing 30% of the Ca atoms of domain A,
overlap with the EGV barrel, with a root-mean-
square difference of 1.5 A˚. A structure-based
sequence alignment of the two domains (Figure 2)
shows that 12 residues are identical. Two of these
conserved residues, Gly304 and Phe307 (MltA
numbering), stabilize the double-psi b-barrel fold,
while the other ten identical residues (Thr99,
Tyr101, Lys245, Ala259, Gly299, Gly300, His306,
Asp308, Gly314 and Asn325) all point into the
groove that separates the two sMltA domains. In
EGV, seven of these ten identical residues are
involved in substrate binding, one being an aspartic
acid residue (Asp121) that functions as the cata-
lytic acid in the mechanism of cellulose hydroly-
sis.29,30 Its equivalent residue in sMltA is Asp308,
which is located centrally in the groove, and
which is absolutely conserved in all known MltA
sequences. The structural equivalences and con-
servation of functionally important residues point
strongly to a role of the groove in sMltA in binding
the glycan strands of the murein substrate, with
Asp308 functioning as proton donor in the mech-
anism of cleavage of the b-(1,4)-glycosidic bonds.
Peptidoglycan binding groove and active site
The similar arrangement of the b-strands in the
double-psi b-barrel and the significant, although
low, amino acid sequence conservation argue for a
possible common evolutionary origin of MltA and
EGV. If this is the case, then the active sites of
the two proteins are likely to be found in similar
locations, and substrates would be expected to bind
in a similar way in MltA and EGV. In addition, one
would anticipate the occurrence of specific dele-
tions, insertions and side-chain alterations to be
related to differences in substrate specificity and
reaction mechanism. In all known protein struc-
tures with a double-psi b-barrel the active site
clusters around the j-loops.23 In EGV (and by
implication also in sMltA) the j-loops border the
substrate-binding groove. Crystallographic binding
studies with cellulose fragments showed that the
substrate-binding groove in EGV spans from
subsite K4 to subsite C3, with glycosidic bond
cleavage taking place between the C1 and K1
subsites (Figure 3(a)).30 To gain insight into the
mechanism of substrate binding and cleavage by
MltA, a short glycan chain was modelled in the
sMltA groove, using the structure of EGV with two
bound cellotriose molecules as a template. As
shown in Figure 4, the sMltA groove is long enough
to accommodate a six residue-long glycan chain,
with the sugar rings occupying positions equivalent
to those of subsitesK3 toC3 in EGV. The substrate-
binding groove in sMltA, however, is significantly
wider than that in EGV, primarily due to a reduced
number of protruding loop regions in sMltA
(Figures 3(a) and 4(b)). In EGV, these loop regions
(i.e. residues 10–12, 36–54, 128–132 and 146–149)
participate in substrate binding, and their absencefrom sMltA causes the sugars occupying subsites
K3, K2 and K1 to be largely solvent-exposed,
while subsite K4 is completely absent. The sugars
occupying subsitesC1,C2 andC3 in sMltA, on the
other hand, are less accessible to solvent, since in
that region of the substrate-binding groove the
helical subdomain of domain B participates in
formation of the sugar subsites. In fact, at subsite
C2 the binding groove in sMltA becomes quite
narrow due to inter-domain contacts, causing the
passage to subsite C3 to be blocked for a poly-
saccharide chain entering from the direction of
the neighbouring subsites, possibly explaining the
exolytic activity reported for this enzyme.21 The
absence from sMltA of equivalents to some of
the substrate-binding loops of EGV may be corre-
lated to the difference in substrate specificity
between these two enzymes. At subsites K2 and
C1 in sMltA, they create, together with a few
occurrences of shorter side-chains at equivalent
positions, the extra space needed for accommo-
dating the N-acetyl groups of the sugar moieties
(Figure 4(b)). The position of the sugar rings in
subsites K2 and C1, with their C2 and C3
substituents buried in the groove, is incompatible
with the presence of a D-lactyl group attached to the
O3 atom, suggesting that in MltA at these subsites
only GlcNAc, but not MurNAc residues, can bind.
Because in peptidoglycan GlcNAc and MurNAc
residues alternate, this implies that MurNAc
residues bind at subsites K3, K1 and C2, with
their lactyl moiety pointing outwards from the
groove.
The conserved Asp308 is situated near the K1
and C1 subsites, at hydrogen bonding distance to
the O4 atom of the glycosidic bond connecting
MurNAcK1 and GlcNAcC1, in agreement with a
role as proton donor in the cleavage step of the lytic
transglycosylase reaction. Interestingly, although
there are two additional, strictly conserved aspar-
tate residues in sMltA (Asp261 and Asp297,
Figure 4(a)), none of them corresponds to the
catalytic base of EGV (Asp10), nor is there another
basic residue in sMltA equivalent to Asp10 of EGV.
This may suggest that, like the single catalytic
glutamic acid residue in the catalytic mechanism of
the family 1, family 3, and family 4 lytic transglyco-
sylases, Asp308 also functions as a single catalytic
acid/base in MltA. To further test this hypothesis,
the three strictly conserved aspartate residues in
sMltA (Asp261, Asp297, and Asp308) were mutated
into alanine by site-directed mutagenesis, and the
activities of the mutant proteins were compared to
that of the original protein (Table 2). Replacement of
Asp308 by Ala resulted in a complete loss of activity
within the accuracy of the experiment (residual
activity as low as 1%), confirming its crucial role in
catalysis. The activity of the Asp297Ala mutant was
also strongly reduced, but significant residual
activity remained, showing that Asp297 is not
absolutely essential for catalytic activity. Most
likely, this residue participates in substrate binding,
considering its location near subsite K2 (Figure 4).
Figure 2. Sequence and structural homology of MltA. The sequence of MltA from E. coli (labelled MLTA_ECOLI) was
aligned with five other MltA sequences from different organisms, as well as with the sequence of endoglucanase V from
H. insolens. The additional MltA sequences are from Shigella flexneri (MLTA_SFLEX), Salmonella typhimurium
Crystal Structure of MltA from Escherichia coli 1073
(MLTA_STYPH), Yersinia pestis (MLTA_YPEST), Vibrio
(MLTA_NMEN). The multiple sequence alignment was guid
Data Bank entry 2ENG). The common core between these two
of the EGV sequence. Residues that are identical in all seven
residues that are identical in all six MltA sequences (but not
residues that are identical with residues in E. coli MltA are s
substrate binding and/or catalysis are indicated with differe
interaction, (C) residues with a water-mediated substrate-b
structure elements refer to the structure of sMltA. The Figure
Figure 3. Comparison of sMltA to related structures.
(a) Ribbon representations of the structure of sMltA and
the structure of EGV in complex with two cellotriose
molecules (Protein Data Bank entry 4ENG) shown in
identical orientations. The common cores are coloured
green. Identical residues (based on Figure 2) are shown in
ball-and-stick representations. (b) Ribbon representations
of the structures of domain B of sMltA and of the RNA-
binding domain of TL5 (Protein Data Bank entry 1FEU)
shown in identical orientations. The common cores are
coloured orange. Superpositions were calculated using
LSQMAN (http://xray.bmc.uu.se).
1074 Crystal Structure of MltA from Escherichia coliThe activity of the Asp261Ala mutant is least
affected, indicating that this residue is not very
important for the activity of MltA. It is located near
the C-terminal end of b12 and points away from the
groove and it therefore would not interfere with
substrate binding.Functional implications
Previous studies of the lytic transglycosylases
Slt70 and MltB showed that the reaction catalyzed
by these enzymes most likely takes place via a
general acid/base mechanism that requires partici-
pation of a single catalytic residue, i.e. Glu478 in
Slt70 and Glu162 in MltB.13–15,19,20 In the first step of
the reaction, the catalytic glutamic acid residue
donates a proton to the oxygen atom of the scissile
glycosidic bond, resulting in bond breakage and
formation of an oxocarbenium ion intermediate. In
the second step, the same catalytic residue serves as
a base activating the oxygen atom of the C6
hydroxyl group of the K1 MurNAc residue for an
intramolecular nucleophilic attack on the anomeric
C1 carbon atom, resulting in formation of a b-1,6-
anhydro bond.31 This mechanism classifies the lytic
transglycosylases as retaining b-glycosidases. How-
ever, their reaction mechanism is uniquely different
from the general reaction mechanism of retaining
b-glycosidases, which in addition to an acid/base
catalyst requires either participation of a second
catalytic carboxylate group functioning as a nucleo-
phile in the first step of the reaction,16,32 or anchi-
meric assistance by a substrate N-acetyl group.33,34
In retaining b-glycosidases, this second group
attacks the K1 sugar from the a-face of the C1
carbon centre, resulting in formation of a covalent
glycosyl-enzyme or covalent oxazoline intermediate.
In the second step, this covalent intermediate is
then attacked by a water molecule from the b-face of
the C1 carbon, thus releasing the free reducing
sugar. Formation of a covalent intermediate is an
essential part of the general mechanism of retaining
b-glycosidases, as the lifetime of an oxocarbenium
ion intermediate is too short to allow the replace-
ment at the active site of the leaving group with a
water molecule. The lytic transglycosylase reaction,
on the other hand, does not require such a
replacement, so there is no need for a substantial
increase in lifetime of the intermediate, and this
could explain the absence of a second catalytic
carboxylate group in the active site. Alternatively,
the C2 acetamido group of theK1 MurNAc residuecholerae (MLTA_VIBCH) and Neisseria meningitidis
ed by a structural alignment of sMltA and EGV (Protein
structures is indicated with black boxes around residues
sequences (including EGV) are shaded with red, while
in the EGV sequence) are shaded with violet. Additional
haded with yellow. Residues in EGV that have a role in
nt symbols: (:) residues with a direct substrate-binding
inding interaction, (*) catalytic residues. The secondary
was prepared using ESPript.53
Figure 4. Structural details of the glycan-bound sMltA model. (a) Stereo representation of the Ca backbone of sMltA
with a (MurNAc-GlcNac)3 oligosaccharide modelled in the substrate-binding groove. The different sugar-binding
subsites are indicated. For reasons of clarity, the O3-linked lactyl groups of the MurNAc residues were omitted from this
Figure, and instead are indicated by spheres. In addition, the side-chains of the three strictly conserved aspartate
residues in MltA are shown (Asp261, Asp297 and Asp308). (b) Stereo view of the superposition of the (MurNAc-
GlcNac)3-bound sMltA model and the (GlcNAc)3-bound EGV structure, focusing on the equivalent substrate-binding
groove regions. The glycan molecule is shown in ball-and-stick representation with the positions of the O3-linked lactyl
groups of the MurNAc residues indicated by large spheres. The two cellotriose molecules bound to EGVare drawn with
light grey lines. The backbone of sMltA is shown in dark grey, while the backbone of EGV is shown with a semi-
transparent, light grey surface. Secondary structure labels refer to the sMLtA structure. Residue numbers in light grey
indicate the substrate-binding loops in EGV that have no equivalent in sMltA. Also indicated in the sMltA structure are
the side-chains of the catalytic Asp308 (and the equivalent residue in EGV), as well as of Asp297, which is in hydrogen
bond distance from the N-acetyl group of the GlcNAc residue occupying subsite K2.
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Table 2. Relative activity (%) of three sMltA mutants
Substrate D261A D297A D308A
Murein sacculi 91(G6) 24(G2) ! 1
Glycan strands 90(G4) 32(G18) ! 1
The relative activity is defined as the percentage of activity
remaining relative to the activity of unmodified sMltA with the
same substrate. Values within parentheses are the estimated
errors, based on multiple measurements.
1076 Crystal Structure of MltA from Escherichia colior a carboxylate group in a neighbouring peptide
moiety of the substrate may provide anchimeric
assistance during catalysis, as suggested previously
on the basis of the crystallographic analysis of
different lytic transglycosylase–sugar complexes.19,20
Apart from stabilizing an oxocarbenium ion inter-
mediate, such groups may in addition act to shield
the a-face of the oxocarbenium ion from solvent
during the lytic transglycosylase reaction.
Our current analysis of the crystal structure of
sMltAand theactivitiesof the sMltAmutants indicate
that this enzyme most likely utilizes a catalytic
mechanism similar to that of the other lytic trans-
glycosylases, even though their overall structures are
completely unrelated (Figure 5). Indeed, the sMltA-
glycan model shows that at subsiteK1, Asp308 is in
anposition equivalent to that of the catalytic glutamic
acid residues of Slt70 and MltB, and able to interact
with the oxygen atom of the glycosidic bond that
straddles the K1 and C1 subsites, and with the C6
hydroxyl group of the K1 MurNAc residue
(Figure 4(b)). A surprising feature of the sMltA
structure, though, is the open geometry of the
peptidoglycan-binding groove, especially at subsites
K3,K2 andK1. Our modelling study indicates that
the sugar residues occupying these subsites remainFigure 5. A representation of the proposed reaction mechalargely accessible to solvent and may make signifi-
cantly fewer interactions with protein atoms
compared to those in the crystal structures of Slt70–
sugar and MltB-sugar complexes. Most significantly,
at subsite K1 the C1 carbon atom of the MurNAc
residue is not shielded from the solvent by protein
atoms, which seems incompatible with the lytic
transglycosylation reaction performed by MltA. The
geometry at the active site in the MltA-glycan model
does not provide evidence for possible assistance in
catalysis by the C2 acetamido group of the substrate.
A catalytic involvement of the substrate’s peptide
moieties is also highly unlikely, as the activity of
MltA, unlike that of Slt70 andMltB, does not depend
on the presence of the peptide moieties in the sub-
strate, as evident from previous functional studies,21
as well as from the catalytic behaviour of sMltA and
the threemutants in the current study. Decreasing the
accessibility of the bound polysaccharide substrate
and increasing the number of protein–sugar inter-
actions may be accomplished by a conformational
change that narrows the groove between domain A
anddomainB. Thenecessity of such a conformational
change is further indicated by analysis of the
distribution of conserved residues in domain B of
the sMltA structure. As is evident from Figure 2, this
domain shows a large number of residues that are
strictly conserved among the differentMltAs. A large
fraction of these conserved residues are found near
the peptidoglycan binding groove, suggesting that
they have an important function in substrate binding
(Figure 6). However, in the sMltA-glycanmodel they
are too far from the expected position of the glycan
chain to be able to make any interaction with the
substrate. Therefore, we anticipate a reorientation of
the two domains, which narrows the peptidoglycan
binding groove, thus bringing these residues closer tonism of MltA.
Figure 6. Surface representation of sMltA with the modelled glycan substrate. The modelled (MurNAc-GlcNac)3
glycan substrate is shown in stick representation, with the lactyl groups on the MurNAc residues omitted for ease of
illustration. Residues that are strictly conserved among the different MltA sequences are coloured violet. The Figure was
drawn using PyMOL (http://www.pymol.org).
Crystal Structure of MltA from Escherichia coli 1077the sugar backbone of the substrate and prohibiting
access of water near the C1 carbon atom of the sugar
residue bound at subsiteK1.
The structural and functional similarities between
sMltA and EGV indicate that members of lytic
transglycosylase family 2 belong to glycoside hydro-
lase (GH) family 45.16 Surprisingly, though, all
previously characterized members of GH family 45
are inverting endoglucanases. Furthermore,
members of GH family 45 are structurally related to
proteins like barwin35 and plant expansins,36 for
which sugar-converting activities have not been
detected. Interestingly, while the overall sequence
identities are rather low, all these proteins have a
conserved aspartate residue at the position of the
catalytic acid/base of sMltA. This may signify an
important structural role of this residue in stabilizing
the double-psi b-barrel fold, or, alternatively, perhaps
point to undiscovered catalytic functions for barwin
and the plant expansins. The diversities in function
further illustrate the versatility of the double-psi
b-barrel fold and its potential as a scaffold ontowhich
new functionalities may be grafted.Summary and perspectives
The crystal structure of sMltA is the first structure
of a member of lytic transglycosylase family 2, and
reveals a fold completely different from those of the
other known lytic transglycosylases. While the latter
proteins share a catalytic core with a lysozyme-like
fold, the catalytic domain of MltA contains a double-
psi b-barrel, and has a fold similar to that found for
members of the superfamily of barwin-like endo-glucanases. Comparison to the catalytic core domain
of endoglucanase V from H. insolens, combined with
modelling and site-directed mutagenesis studies,
allowed us to identify structural regions in sMltA
thatare involved insubstratebindingandcatalysis. In
particular, our results point to an essential role for
Asp308 as the single acid/base catalyst in the lytic
transglycosylase reaction mechanism. This suggests
that, despite the absence of structural homology, the
reaction mechanism of MltA is similar to that of the
other lytic transglycosylases. To obtain a full, detailed
description of the MltA-peptidoglycan interactions
and cleavage mechanism, and to evaluate a possible
involvement in substrate binding of domain B of
MltA, we have initiated crystallographic binding
studieswithvariouspeptidoglycan-based and chitin-
based fragments. Combined with the present struc-
ture of sMltAand the structural informationavailable
for the other lytic transglycosylases, these studies
should enable adeeperunderstandingof the function
of lytic transglycosylases and their role in bacterial
cell-wall metabolism.Materials and Methods
Purification and crystallization
The purification and crystallization of sMltA have been
described.37 A selenomethionine-substituted MltA
variant (SeMet-sMltA) was prepared using E. coli
cells grown in 2!M9 minimal medium, which was
supplemented, 15 min before induction, with 46 mg/l of
L-selenomethionine and a mixture of amino acids known
to inhibit methionine biosynthesis.38,39 Purification of
1078 Crystal Structure of MltA from Escherichia coliSeMet-sMltAwas carried out as described for sMltAwith
5 mM DTT included in all buffers to prevent oxidation of
selenomethionine.37 Ayield of about 8 mg of pure protein
was obtained from a 2 l culture. Single hexagonal rod-like
crystals grew at 280 K, in about one to two weeks from
100 mM sodium acetate buffer (pH 4.2) containing 5–8%
PEG 8000, 250–350 mM NaCl and 5 mM DTT, which are
the same conditions as those used for the crystallization of
the native protein.37 Based on the analysis of the multiple
anomalous dispersion (MAD) phasing data (see below),
the space group towhich the crystals belong was assigned
as P3121, with one molecule in the asymmetric unit and
an estimated solvent content of about 72% (v/v).Data collection and phasing
Diffraction data were collected at 100 K with 19% (v/v)
ethylene glycol as a cryoprotectant in sodium acetate buffer
(pH 4.2) containing 11% (w/v) PEG 8000, 350 mM NaCl,
100 mM and 5 mM DTT. A native data set to 2.0 A˚
resolution was measured on beam-line ID14-EH1 at the
ESRF (Grenoble) using an unsubstituted sMltA crystal. For
phasing, three-wavelength Se-MAD data to 2.6 A˚ resol-
ution were collected from a single SeMet-sMltA crystal on
beam line ID14-EH4 at the ESRF (Grenoble). All diffraction
data were processed using the programs DENZO and
SCALEPACK.40 From the anomalous differences in the
peak wavelength data, eight selenium sites were found by
the SnB program,41 in agreement with the presence of a
single proteinmolecule in the asymmetric unit. Refinement
of the selenium sites against the three-wavelength MAD
data, and calculation of phases were carried out with the
program SOLVE.42 The MAD phases were improved by
solventflatteningusing theprogramRESOLVE,42 assuming
a solvent content of 70% (v/v).Refinement
The electron density map calculated with the experi-
mental phases was of sufficient quality to build a starting
model of sMltA using the program Xfit from the
XtalView43 software package. Subsequently, this starting
model, containing residues 8–337, was refined against the
unsubstituted sMltA diffraction data. After an initial
rigid-body refinement using Refmac544 (30–3.0 A˚ resolu-
tion) the model (Rwork of 39.8%, Rfree of 40.7%) was
further refined using CNS.45 Several rounds of simulated
annealing, energy minimization and B-factor refinement,
alternated with manual model rebuilding, were per-
formed to improve the model. Water molecules were
added after Rfree had decreased to below 30%. The last
rounds of refinement were carried out again with
Refmac5. Statistics for data collection, phasing and
refinement are shown in Table 1.Sequence and structure analysis
Sequence databases were searched with PSI-BLAST,46
and multiple sequence alignments were generated with
CLUSTALW.47 The programs DALI24 and CATH27 were
used to search for structurally similar and functionally
related proteins, and for protein domain fold classification.
These searcheswere donewith the entireMltA structure, as
well as with the two individual domains (domain A:
residues 3–104, 244–337; domain B: residues 105–243).Modelling of glycan
To obtain a model of sMltA bound with a short glycan
chain, the crystal structure of sMltA was superimposed
onto that of endoglucanase V in complex with two
cellotriose molecules bound to subsites K4, K3, K2
and C1,C2,C3 (PDB entry 4ENG30). Next, the two
cellotrioses were transferred to the equivalent positions
in sMltA and linked together through glycosidic bonds
via an additional glucose residue placed at subsite K1,
thus creating a celloheptaose molecule. The 2-OH groups
of celloheptaose were then replaced by 2-acetamido
groups to generate chitoheptaose. The sMltA-chito-
heptaose model was energy-minimized using CNS45 to
remove bad contacts, restraining the positions of the
sugar rings at subsitesK2 andC1, and restricting protein
atom movement to side-chains with atoms within a 6 A˚
cut-off distance from the glycan heptamer. Since the sugar
residue at the non-reducing end of the chitoheptaose
(equivalent to the K4 sugar in the EGV–sugar complex)
was completely outside the groove, not having any
contact with protein atoms, it was removed from the
model. Then, the 3-OH moieties of the sugar moieties
occupying subsites K3, K1 and C2 were replaced with
O-linked lactate groups to generate the final model of
sMltA bound with (MurNAc-GlcNAc)3.Site-directed mutagenesis and expression
Site-directed mutagenesis of the MltA mutants (D261A,
D297A and D308A) was performed with the Quick-
Changee site-directed mutagenesis kit (Stratagene),
following the manufacturer’s protocol. For each mutant,
two synthetic complementary mutagenic DNA oligomer
primers were used (synthesized by Sigma-Genosys Ltd)
to substitute Asp (codon: GAT) with Ala (codon: GCC).
As sense primers, we used for D261A 5 0-GCG TCA GTT
GCC TCTGCCCGT TCCATTATT CCG-3 0, for D297A 5 0-
CTG ATG GTG GCG CTG GCC GTC GGT GGT GCA
ATC-3 0 and for D308A 5 0-ATC AAA GGC CAA CAC TTC
GCCATC TAT CAAGGGATCGGG-3 0, and as anti-sense
primers we used for D261A 5 0-CGG AATAAT GGA ACG
GGC AGA GGC AAC TGA CGC-3 0, for D297A 5 0-GAT
TGC ACC ACC GACGGC CAG CGC CAC CAT CAG-3 0
and for D308A 5 0-CCC GAT CCC TTG ATA GAT GGC
GAA GTG TTG GCC TTT GAT-3 0. PCR amplifications
were carried out in a GeneAmp PCR System 2400, using
the pMSS vector as a template for the PCR amplifi-
cation.37 Mutant plasmids were transferred to E. coli
(122-1) competent cells. The E. coli (122-1) cells that grew
on agar plates supplemented with kanamycin (50 mg/ml)
were used for further work. Nucleotide sequencing was
done to verify the correctness of the entire sequence.
Expression and purification of the mutants was carried
out as described for sMltA.37Activity measurements
The sMltA proteins (native andmutants) were assessed
for their ability to degrade both insoluble murein sacculi
and isolated (GlcNAc-MurNAc)n-GlcNAc-1,6-anhydro-
MurNAc glycan strands, missing the peptide moieties.
The activity of the sMltA proteins on insoluble murein
sacculi was measured as the release of soluble radio-
activity from [3H]m-diaminopimelic acid-labelled murein
sacculi.48 Labelled murein sacculi (2.5 mg, 5000 cpm) were
incubated in test buffer (10 mM Tris–maleate (pH 5.2),
10 mM magnesium chloride, 50 mM sodium chloride,
Crystal Structure of MltA from Escherichia coli 10790.02% (w/v) sodium azide,) for 30 min at 30 8C with 5 mg
of MltAvariants in a total volume of 100 ml. Then 100 ml of
1% (v/v) cetyltrimethyl ammonium bromide (CTAB) was
added and the samples were incubated on ice for 20 min
to precipitate the high molecular mass material. After
centrifugation (16,000g, 15 min), the released soluble
products were quantified by measuring the radioactivity
in a 100 ml aliquot of the supernatant by liquid
scintillation counting.
The activity of sMltA on isolated poly(MurNAc-
GlcNAc) strands was determined as described.21 Briefly,
[3H]GlcNAc-labelled murein5 was digested with human
serum amidase and used as substrate for the sMltA
proteins:49 5 mg of MltA was incubated for 30 min at
30 8C with [3H]GlcNAc-labelled glycan strands (1 mg,
12,000 cpm) in test buffer (see above). The reaction was
stopped by boiling the samples for 8 min. The products
were separated by HPLC on a Nucleosil 300-5-C18 5 mm
column (Bischoff, Leonberg, Germany), at a flow-rate of
0.8 ml/min, by 5 min elution with 100 mM sodium
phosphate (pH 2.0), 5% (v/v) acetonitrile, followed by
elution with 100% methanol. Radioactive glycans were
detected with a scintillation flow-through detector
(Canberra Packard). Under these conditions, the MltA
digestion product GlcNAc-1,6-anhydroMurNAc elutes at
6.1 min and is separated from the longer glycan strands
that elute together at 19.7 min.Graphics
Figures 1(a) and 3 were made using MOLSCRIPT50 and
Raster3D.51 Figure 4 was made using Povscript52 and
Povray†.Protein Data Bank accession number
The experimental structure factors and coordinates of
the refined sMltA model have been deposited in the
Protein Data Bank with accession code 2AE0.Acknowledgements
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